A Si adatom on a Si(111)-(7 × 7) reconstructed surface is a typical atomic feature that can rather easily be imaged by a non-contact atomic force microscope (nc-AFM) and can be thus used to test the atomic resolution of the microscope. Based on our first principles density functional theory (DFT) calculations, we demonstrate that the structure of the termination of the AFM tip plays a decisive role in determining the appearance of the adatom image. We show how the AFM image changes depending on the tip-surface distance and the composition of the atomic apex at the end of the tip. We also demonstrate that contaminated tips may give rise to image patterns displaying so-called 'sub-atomic' features even in the attractive force regime.
Introduction
The analysis, control and modification of molecules, surfaces or nanostructures are nowadays among the greatest challenges to the emerging field of nanotechnology. Nanoprobe techniques such as the scanning tunnelling microscope (STM) [1] and the atomic force microscope (AFM) [2] accomplish these goals. During the last 15 years, frequency modulation (FM) AFM [3] [4] [5] has experienced especially fast development.
This technique has already revealed many outstanding capabilities in ultrahigh vacuum (UHV) conditions including atomic scale imaging (see e.g. [6] [7] [8] [9] [10] ) and manipulation, e.g. [11] [12] [13] [14] [15] on metallic, semiconductor or insulator surfaces.
Even sub-atomic resolution on some surfaces has been reported [16] [17] [18] . High-precision measurements of the short-range chemical forces have become possible with dynamic force spectroscopy (DFS) [19, 10] . Furthermore, chemical discrimination of individual atoms based on chemical force analysis has also been achieved [20] . DFS even allows the mapping of three-dimensional force fields with atomic resolution [13, [21] [22] [23] [24] . In principle, these measurements could provide, by an elaborate separation of the short-range contribution from the total force, detailed information about surface energy landscapes, adhesion forces and the spatial resolution of the inter-atomic forces.
Further development of the FM-AFM technique depends on a detailed understanding of the mechanisms of interaction between the AFM tip and the sample at the atomic scale. This knowledge would help to optimize scanning conditions for imaging and manipulation of individual atoms and also to exclude any of the artefacts which so often appear in scanning probe microscopy (SPM) techniques [25] . Many theoretical works explaining the origin of the atomic contrast on different surfaces have already been published [8, 9, [26] [27] [28] [29] [30] . However, a reliable interpretation of the energy landscapes and the atomic topography of the surface provided by recent 3D Figure 1 . Ball and stick models of the Si-based clusters used in our simulations to mimic AFM tips. The H3 tip is based on the H 3 -like configuration of the Si(111) surface. The dimer tip, which is based on a cluster grown in the (001) direction, is characterized by Si dimer termination. In the dimer-C, -O and -Sn tips the outermost Si atom of the dimer-like tip is respectively substituted by a carbon, oxygen or tin atom.
experimental mappings [13, [21] [22] [23] [24] requires a more complete theoretical study, taking explicitly into account the chemical composition of the probe. In this paper we provide a detailed analysis of the influence of the atomic tip structure on the 3D spatial resolution of a single atom using density functional theory (DFT) simulations. In particular, we have performed DFT simulations of a 3D scan over a silicon cluster, which reproduces the local coordination of a surface adatom, using different pristine or contaminated Si-based tips [28] . The aim of this work is to reveal the effect of the atomic termination of the apex on the atomic scale AFM images of semiconductor surfaces.
We focus on the Si(111)-(7 × 7) surface that is perhaps the most studied semiconductor surface. On this surface, many interesting phenomena have been reported, including sub-atomic patterns on Si adatoms [16] . Despite considerable theoretical efforts [31, 32] , the origin of these sub-atomic features is still under debate and not completely understood [33] .
Methods
Our calculations, performed with the FIREBALL code [34, 35] , are based on DFT [36] with a local-orbital basis. This code offers a very favourable accuracy-to-efficiency balance as long as the basis set is carefully chosen [37] . In this particular case, our numerical basis set had the following cutoff radii (in au) of the orbitals: 3.8 (s) for H, 3.3 (s and s * ), 3.8 (p and p * ) for O orbitals and (4.5, 4.5), (4.8, 5.4) and (5.2, 5.7) for the (s, p) orbitals of C, Si and Sn, respectively. The calculations were performed as non-spin-polarized and within the localdensity approximation (LDA) for the exchange-correlation functional [36, 38] . AFM probes were simulated by a set of mechanically stable [28, 39] and well-tested Si(111) nanoasperities of Si atoms that closely reproduce the experimental short-range force curves measured over a Si adatom [20] . In addition, as oxygen and carbon atoms are likely to be present in a UHV chamber during experiments, we extended our tip set by similar models including contaminants at the apex position, such as Sn, C and O. All tip models and the corresponding nomenclature are shown in figure 1 . Only H atoms and the topmost Si layer were fixed in the tip models, the other atoms were allowed to assume their equilibrium positions. It would be too demanding to carry out complete calculations of 3D mapping over a Si adatom on the Si(111)-(7×7) surface within the DFT accuracy, while we also need to consider several different tip models (see figure 1 ). Therefore we adopted a simplified atomistic model that mimics the surface well. It consisted of a small cluster of 15 Si atoms arranged in the same relative atomic positions as those of a Si adatom and its 14 nearest neighbours on the Si(111)-(7 × 7) surface. These 14 Si neighbours were passivated by 27 H atoms (see figure 2 ). During the optimization process, only the five central Si atoms were allowed to relax. To check the validity of our cluster approximation, we performed vertical scans with two different tips on the Si corner adatom of the Si(111)-(7 × 7) surface in both the cluster model and in a slab model (see figure 3 ). The surface in the slab was modelled by seven Si layers and an additional H passivating layer, 347 atoms in total. We let the six top Si layers of the slab relax, while the rest of the atoms were kept fixed during the optimization process. The calculations were carried out with only the point for the sampling of the Brillouin zone. The geometry was converged until the criteria of 10 −6 eV and 0.05 eVÅ −1 for the accuracy in energy and force were respectively satisfied. We mapped the tip-sample interaction for different values of the tip-sample distance, subsequently approaching the tip towards the surface in a quasi-static manner: starting at an initial tip-sample distance we optimized the atomic positions, then we shifted the tip atoms by 0.25Å downward and repeated the optimization Forces between the H3-type Si apex and the adatom-like cluster shown as 2D colour maps at different tip-cluster distances. At the larger distances the image shows a circular shape. Upon approaching the tip towards the cluster, the image evolves to a slightly asymmetric pattern with a triangular shape; the effect becomes drastic at the shorter distances where the repulsive interaction starts to act.
process for the new tip position. Optionally, we applied a shift of 0.1Å in areas of interest where the atomic scale contrast changes rapidly (see figure 6 ). In order to simulate a 3D map, we carried out a set of vertical scans on a rectangular x y-mesh of 25 × 25 points, covering a 6 × 6Å 2 square area and centred around the Si adatom (see figure 4 ).
Results

Force site spectroscopy
Dynamic force spectroscopy [19, 20, 40] can provide valuable information about the chemical force acting between the outermost atoms of the tip and the sample. Direct comparison between the available experimental short-range forces and theoretical curves opens up a way to characterize the atomic and chemical structure of the tip. Figure 3 shows force versus distance curves obtained over a Si adatom on the Si(111)-(7 × 7) surface using different tips, in particular the dimerterminated clean Si probe (dimer) and the O-contaminated Si probe (dimer-O). We can immediately see that not only the maximal attractive force but also a decay of the attractive chemical force changes significantly. Later on, we will also analyse a modification of the spatial resolution with tip termination at various tip-sample distances. As mentioned in section 2, we have verified the validity of the cluster approximation, which we use to describe the reconstructed Si surface, by performing selected vertical scans in both the cluster and the slab model. We have found very good agreement between the two models, as shown in figure 3 . In the case of a bare Si tip both curves are almost identical. A small difference arises only in the region of the strongest interaction, where the mechanical response of the whole surface is more important. In the case of an oxygencontaminated tip, we see a slight difference between the two models at the onset of the chemical force. This difference comes mainly from the presence of the long-range electrostatic force induced by a charge transfer between the apex oxygen atom and the surrounding silicon atoms of the tip. Still, these small discrepancies do not affect the lateral resolution on a Si adatom discussed in this paper.
3D mapping
Si adatoms on the Si(111)-(7 × 7) surface are usually imaged as spherical entities. This picture is endorsed by our theoretical Figure 5 . 2D force colour maps for the tip models simulated in this work for three (5, 4 and 3.5Å) tip-cluster distances. Circular patterns, only slightly distorted, are found for the pure Si apexes and also for the Sn-contaminated tip (H3, dimer and dimer-Sn tips). However, when the chemical species of the contaminant has a different reactivity or interaction range, in this study for the O-or C-contaminated tips (dimer-O and dimer-C), the image is clearly asymmetric, displaying even in the attractive regime two protrusions that originate from the dimer structure of the apex.
simulation using the H3 model of a clean Si probe (see figure 4 ). This tip model is made up by a (111) orientation cluster with an apex Si atom sitting in the H 3 position [28] with a characteristic half-filled localized dangling bond state. We can see how the spherical shape observed in the attractive regime gradually changes to a three-fold symmetry pattern when the repulsive regime over the adatom is reached. This three-fold pattern in the close distance regime is caused by an interplay between the repulsive interaction on the adatom and the attractive interaction acting between the apex tip atom and the three silicon atoms in the next surface layer.
In the next step, we performed similar calculations using other tip models, based on the Si(100) surface face, on which the apex is formed by a dimer-like heterostructure resembling the Si(100)-p(2 × 1) reconstruction and may include different contaminants such as O, C and Sn. The variation of the atomic pattern with a decrease in the tip-sample distance in the attractive regime is shown in figure 5 . In the far distance regime, over ≈5.0Å, the spherical atomic pattern is observed independently of the tip model, apart from the dimer-O with an oxygen impurity atom in the apex position for which the short-range forces are negligible (see figure 3 ). In the case of the pure silicon dimer model and the dimer-Sn model with a tin atom in the apex position, we have found only slight asymmetric distortions from the spherical shape observed with the clean H3 model. However, the presence of an alien carbon or oxygen atom in the apex position produces drastic changes in the pattern symmetry, reflecting the heterodimer structure of the tip apex. This asymmetry comes mainly from the influence of the neighbouring Si atom forming the dimer, which also starts to interact with the adatom below a certain distance. This effect is much smaller in the case of the dimer and dimer-Sn models because of the larger interaction range of the Si or Sn outermost apex atoms (compared to the C or O atoms), which screens the influence of the other dimer atom in the attractive regime. In the case of the dimer-O model, the main attractive force comes just from the second Si dimer atom. This attractive force produces a vertical flip of the dimer at closer distances: the Si dimer atom moves closer to the surface while the oxygen atom retracts away from the surface. The asymmetry induced by the dimer-derived contaminated tips will obviously lead to the dependence of the resulting image on the orientation of the scanning probe with respect to the imaged surface. However, our results show that the effect of the asymmetry becomes sizeable only when the tip scans close to the surface, in the regime of a strong attractive force.
Let us note that in our calculations we have found the heterodimer models to be mechanically stable (the same tip structure is recovered after an approach-retraction cycle) even when subjected to substantial pressure in the repulsive regime with a maximal force of ≈0.5 nN. However, in the repulsive regime, dimer-like models suffer significant reversible deformations, mainly of the apex part, making the atomic pattern even more irregular. Keeping in mind that the cluster approximation is not well justified in the repulsive regime, we do not further discuss the atomic patterns obtained at this distance range here.
A detailed look into the atomic image produced by the carbon-contaminated (dimer-C) probe model in a distance range of ≈3.9-3.6Å (see figure 6 ) reveals a pattern similar to the so-called sub-atomic features observed on the Si(111)-(7 × 7) surface by AFM [16] . Indeed, the image shows two crescents with a spherical envelope separated by ≈2Å, close to the experimental observation [16] . In our simulations, the origin of these two crescents is clearly due to the interaction of both C and Si dimer atoms with the Si adatom depending on the lateral position of the tip with respect to the surface adatom. In previous works [16, 31, 32] this type of image was attributed to two atomic orbitals of the front silicon atom, which had only two bonds to the silicon atoms underneath the tip. However, this kind of atomic configuration is unlikely due to the presence of the two unsaturated bonds and it easily undergoes transition to a more stable configuration [28] . Indeed, both previous theoretical works [31, 32] did not take into account the atomic relaxation of the tip structure due to the interaction with the sample.
We should note that the original experimental image was acquired in the constant frequency shift regime. In order to make a direct comparison with the original image, we calculated the frequency shift from our force versus distance data using appropriate integral formulae [4] and extracted the tip-sample distance 2D-map corresponding to a constant frequency shift. In order to make the comparison with experiment more straightforward, a long-range force was added to the calculated short-range force. The long-range force F LR was estimated using the analytical model [41] 2 , where A H is the Hamaker constant, R the tip radius, z is the tip-sample distance and z o is a constant. Here, we used the values A H R = 175 nNÅ 2 and z o = 1.28Å
frequently observed in experimental measurements with Sicantilevers [42] . The constant frequency images constructed in this way are shown in figure 7 . The frequency shift set point was chosen so that it resulted in typical attractive-regime images, corresponding to a tip height of z = 4.0Å on top of the The image shows a double protrusion pattern similar to the 'sub-atomic' feature reported in [16] .
adatom, except for the dimer-O case, for which the tip height on the adatom was set to z = 4.5Å. The resulting pictures keep the same characteristics as the original constant height maps of forces in figure 5 . In particular, the picture obtained with the Ccontaminated tip shows the two protrusions separated by ≈2Å with a corrugation height of ≈0.6Å. A close-up view of the constant frequency image for this tip is also shown in figure 8.
Conclusions
A detailed analysis of the atomic patterns of an individual Si adatom with several pristine or contaminated Si-based tips has been performed using DFT simulations. We have found a strong variation of the internal atomic pattern with the symmetry and chemical composition of the tip apex. The theoretical atomic image provided by a dimer-like Si tip with a carbon atom positioned on the apex has similar characteristics to the sub-atomic features observed in experiment [16] . Therefore, our calculations indicate an alternative origin of the sub-atomic pattern observed on the Si adatom, namely a contaminated probe. Based on the presented theoretical analysis, it is evident that the atomic scale AFM images taken near the contact regime incorporate the structure of both the sample and the outermost apex atoms. This convolution process is especially prominent if atoms of different chemical species are present on the tip apex. This effect should be particularly considered during the analysis of 3D spectroscopy measurements, where the tip structure can greatly spoil the potential energy surfaces derived from the experimental data.
